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\ Abstract '
The interconnection of 8 h’f aumber of processors

Presented at the 3rd International Conference on Distributed

Computing Systems, October 1982

AFOSR-TR- 82-1096

. A COMPARISON OF CUBE TYPE
AND DATA MANIPULATOR TYPE NETWORKS

Robert J. MeMillen and Howard Jay Siegel

Sehool of Electrical Engineering
Purdue University N
West Lafayette, IN 47007 USA

and other devices to form s parallel/distributed comput-
ing system is a research area receiving a great deal of
attention. One method is to use s multistage network.
This paper compares two classes of mullin-&: networks
by examining two representative networks: the General-
ized Cube and the Augmented Data Manipulator. The
two to] jes are compared using s graph theoretic
approach. interpreting the graphical representations

the networks in different ways, different implementa-
tions result. The costs of the various implementations
are compared laking considerations into account.
Finally, the robustness of different networks is meas-

ured sad coatrasted. Neﬁ ﬁ_&d) Stele.

1. Introduction

The interconnection of & | aumber of processors

and other devices to form a parallel/distributed comput-
ing system is & research area receiving a great deal of
attention. Many different approaches to the interconnec-
tion method have been proposed and discussed including
the use of buses [42]. hierarchies of buses [30], direct links
[10], single stage metworks [18], multistage metworks (7,
, 27, 33], and crossbars [¢4]. An important t of
this research is the evaluation and comparison of the pro-
posed approaches [4, 13, 35, 40]. The conclusion most
often reached is that the best scheme to use in a particu-

‘lar design highly depends wpon the intended application,

performanee requirements, and cost coastraints. Once a
connection method is cm.(:;s single nu:e network), &
specific design must be deci wpon and then imple-
mented. During this phase of s system's specification, it
is important for the designer to understand fully the
%agen.ea ;.d similarities b:‘tm lenndidoafu 1u|¢m

is paper is an investigation of two classes of muitistage
networks that have been considered for use ir & number
of systems. In particular, this work is of & network
evalustion study for the PASM [38] {8] sy»-

The Generalized Cube and Augmented Data Mani-
pulator {ADM) aetworks are defined in Section II. Their
relation (o other mulitistage networks described in the
literature is aloo discussed. Using 'ngz'th the net-
works’ jes will be compared 1a Section Ill. In See-
m{.ﬁw implomt::'m resultiog Jn‘t: two dnﬂm‘bt

tnr!«tiou examin compare the
easch petwork. Here, wsing VLSI chips is con-
sidered and costs are compared relative to the [raction of
s stage that can be implemented on one chip. Finally,

Thie work was supported by the Al Foree Systeme Commands, USAF,
under Oramt No. AVOSR.T8.3081, and the Nationsl Scionce Foundation
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Figure 1: Generalized cube aetwork for N=8. The four
legitimate states of an interchange box sre shown.

Section V will contaio an anslaysis of the robustaess each
actwork exhibits.

II. The Generalised Cube and ADM Networke

The CGeneralized Cube network is & multistaz:  be
type network topology that was introduced 2o o #°andard
for comparing network topologies (34]. Assume the net-
work has N inputs and N outputs: in Fig. 1, N=8. The
Generalized Cube bas n=logy N stages, where
each stage consists of s set of N lines connected to N/2
interchange boxes, Esch iumhn&bu is a two-input,
two-ontpnt device. The labels of ?ﬂlﬂtﬂl
entering the upper and lower inpute of ea isterchange
box serve an the labels for the upper and lower um:
tespectively.  Each interchange box can be set %0 one
the foue legitimate states shown {17].

The connections in (his network are based on the

cube interconnection functions [34). Let P=p,, .. pypy
be the hinary representation of sa 'IO h‘n
lahel. Then the n cube interconnection con be

defined as:
cube(py o...PiPe) = Pa-to.Pie (P11 1Y

wnder Grams No. BCS 0010880, The Usited States Government o suthor- .
reproduce end datribute ropriate for guvernmental purpeses netwith- here 0<i<n, 0SPN, and ; denotes the comploment of
— - ~ - ;:. '!I".his lme:m that the cubey interconnection fenction
4
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Figure 2: Augmented data manipulator network for N=8.
{Lowercase letters represent end-around connections.)

connects P to cube(P), where cnboAP) is the /O line
whose label differs fromn P in just the i bit position. Stage
i of the Generalized Cube topology contains the cube inter-
connectjon function. That is, it pairs 1/O lines that differ
in the i* bit pusition.

The ADM network is shown in Fig. 2 for N=8. It is
bascd on Feng's dats manipulator [12]. In this aetwork, a
slage consists of N swilcAing elements or nodes and the 3N
data paths that are connccted to the inputs of a succeed-
ing stage. ' Each node can connect one of its inputs to one
or more of its outputs. At stage i of the ADM network,
0<i<n, the first output of node j is connected to the input
of node (j=2') mod N of the next stage; the second output
is corn:-ted -0 the input of node j; and the third output is
cuunected to the input of node (j+ 2') mod N. Because
(1=2*") equals (j+ 2°') mod N, there are actually only
two distinct data paths instead of three from each node in
stage a—1 (in the Rgure, stage 2). There is an sdditional
set of N nodes at the output stage.

A aumber of systems have been proposed nd‘eor
built that use multistage networks [e.g. 5, 6, 19, 31, 38}
Among the networks that have been proposed are the
ADM 133], baseline 1%. binary n-cube [27],(data manipu-
lator llﬂb‘e‘“ X mmﬂ!& , Generalized Cube m,
inverse M& , omega [17], STARAN flip [‘ll[. and SW.
banyaa {15]. Studies have shown that the baseline, binar
n-cube, eralized Cube, omega, STARAN flip and SW.
banyan (S=F =2) networks are all topologically equivalent
(28, 32, 37, 43]. Dillerences between these networks are
due 10 proposed cootrol schemes, whether or not a broad-
cast eapability is included, and the method used to
sember input and output ports. All of these networks
beloag to the general class of cube type networks. This in
turn is in the class of banyan networks. They can slso be
coasidered delta networks since each ean be controlled
wsing one digit of a control vector (or number) per stage.
Because of the ilarities among these metworks, a
designer is not faced with choosing between seven different
networks, rather the choice is whether or not to use a cube
type network.

The dsla manipulator, ADM, IADM, and Gamma
setworks are ally identical. The differences
between these net are the control scheme, order
steges are tramsversed sad switch complexity. The

switches in each stage of the data manaipulator are divided
into two groups. Each group receives an independent set
of control signals and all switches in a group respond
identically. Each switching element of the ADM, IADM,
and Gamma networks is controlled individually. The
stages of the IADM snd Gamma networks are traversed in
an order opposite to that of the ADM snd data manipula-
tor. Also, the Gamma network’s switching elements are
3x3 crossbars (as op to selecling one input at a time).
None of the networks is a member of the banyan or delta
classes. The capabilities of the Gamma network are a
superset of the ADM and IADM networks. It has beea
shown in turn that their capabilities are a superset of all
the cube type networks as well as the data manipulator
network l.'l’lre Data manipulstor type networks, bowever,
are more complex than cube type networks. For example,
there are multiple paths between all pontrivial
source/destination pairs (i.e. source address # destination
address). The tedundaneu;rovidu a degree of fault toler-
ance. A common feature of ail cube type networks is that
there is exactly one path through the network for each
source/destingtion pair. This property makes control
schemes simple but any single failure of a link or switch
will disallow the use of any path requiring the failed com-
ent.
pon Thus there exists the classic tradeofl between cost
and performance when choosing betweea the two network
types. In this paper, one representative network from each
type will be compared: the Generalized Cube and the
ADM. Both nctworks have the same number of input and
output ports and individusl switching elemeat coatrol.
Routing tag schemes are availsble for the networks 17,
24, 33, 34, 50 it is assumed that they are used to imple-
ment network control.
Somie aspects of the Generalized Cube aad the ADM
networks have been com) elsewhere. The ability of
the ADM network to m all the functions & General-
ized Cube can was demoastrated in [37). In [1), the total
number of unique permutation connections each network
can perform was compared. This is concerned with
comparing cost and robustaess or inhereat fauit tolerance.
Cost is examined from two points of view. The first is the
common method of counting links aad switching nodes. In
this case, graph theory with s consistent interpretation
two are possible) is used to insure a “fair” comparison.
e second point of view is orieated toward VLSI con-
siderations. ules for each network iring roughly
the same number of pins are compared. e chaage in
relative cost is also examined when as much as one whole
stage is placed on one chip. Robustness is measured by
calculating the average number of network inputs aad out-
puts sffected by the removal of a single link or switching
element. The calculations are performed for both of the
graph interpretations to be defined.

1. Graph Theory: A Commoa Grouand for

00-‘::.‘ Networks

Graph theory has used by Goke and Lipovski as
the basis for defining s class of networks called banyans
[15]. The graphs used to represent these networks comsist
of nodes connected by undirecled ercs. By debuition, in a
banyan there is one and only one path from input to out-
put [15]. In this there is no restriction oa the
number of paths from input to output.

It has been observed in [lar that the Generalized
Cube nctwork (Fig. 1) has the graphical representation
shown in Fig. 3. This nnth also represeats aa SW-baayan
(with S=F=2). The graph caa be inter & sumber of
different ways. One is to treat each node (vertex) (a circle

- - e ®uta «™aT. -'q"'-A‘ .............
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Figure 3: Graphical sepresentation of the Generslized
Cube network for N=8.
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Figure 4: (a) A node from the graph representing the Gen-
eralized Cube network. When equated with a swilch,
input & or b can be connected to output ¢ ord. (b) Four
aodes from (he graph. Whea the arcs, 8, b, ¢, and d, are
equated with switches, a 2x2 crombar is obtained. (c) The
components of a crosbar that correspond to the graph in
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in the figure) a< a switch and each are ledgeb).{s line in the
figure) as a link. To model the network’s behsvior under
this interpretation, the switech (node) shown in Fig. 4a
should only connect one of the input links, a or b, to one of
the output links, ¢ or d. An impl tation based on this
interpretation, for an N input/output network, would coa-
sist of n+ 1 stages of N awitches, with 2N lines between
stages. The TRAC reconfigurable, multimicroprocessor
system contains an SW-banysn constructed from switches
of this type (but that have two incoming and three out
ing links. i.e. $=2 and F =3) |2? A second interpretation
is 10 treat the nodes as links and the ares as forming inter-
change boxes. For example, the thickened lines in Fig. 3
can be considered to represent the interchange box with
inputs 2 and 6 (compare this to Fig. 1). In this case the
SW-hanyan implementation would have the same struc-
ture as specified here for the cube (assuming a bidiree-
tional network). This interpretation is illustrated in Figs.
4b and 4¢. Each of the arcs labeled a through d in Fig. 4b
acts ax a crosspoint swilch in Fig. 4c. When viewed this
way, the portion of the graph within the dashed lines of
Fig. th behaves as 3 2x2 crossbar or interchange box. Il a
and d are “on,” the straight setting is obtained; b and ¢ on
corresponds 1o exchange; a and b on corresponds to upper
broadeast; and ¢ and d on corresponds to lower brosdeast.
Confliet occurs il 8 and ¢ or b and d are on at the same
time. A third possible interpretation of the graph in Fig. 3
is to equate nodes with 2x2 interchange boxes and ares
with links. In that case, Fig. 3 would represeat a size
N =16 Generalized Cube network. This interpretation will
not be discussed further in this paper.

The graphical representation of the ADM network
{Fig. 2) is shown in Fig. §. Since there are multiple paths
from input to output, this is sot a banyan graph. This

0
| u
N T
[ P
u U
L T
COLUMN
STAGE 2 { .0

Figure 5: Graphieal representation of the sugmented data
manipulator for N=8,
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Figure 6: Implementation of the augmented data manipu-
lator for N=8 when the graph of Fig. § is interpreted with
arcs equated to switches.

graph can be obtained by adding the dashed lines shown
to the graph in Fig. 3. When switches are equated with
nodes, the network depiction in Fig. 2 is obtained. When
swilches are equated with ares, the network looks like that
shown in Fig. 6. In the figure, two wodes directly
connected by a solid line between stages are represented
by a singls node in Fig. 5. Note that the labels on end-
ar-md ¢ nacctions in both Fig. 5 and Fig. 6 are attached
to e same arcs (links) in the network. This second Lype
of implementation is examined in [38], where L.S1 packag-
ing of network building blocks is discussed.

Though the same ADM network is represcuted, Figs.
2 and 6 lovk rather different. Depending upon which
representation is chosen, & comparison with the General-
izted Cube in Fig. 1 could produce different conclusions.
Comparing Figs. 1| and 2, one might conclude that, in
addition (o baving an extra column of switches, the ADM
has twice as inany swilching nodes and three times as
many links as the Generalized Cube network. It would be
easy to decide that the ADM network is considerably more
expensive. On the other hand, comparing Figs. 1 and 6, it
appears the only difference is N extra links that intercon-
nect switches within esch stage of the ADM network. The
latter comparison is more accurate because the network
depictions of Figs. 1 and 6 are based on the same interpre-
tation of the metworks' respective graphs. Thus when
making comparisons, it is important to either compare
graphical representations or consistent interpretations of
those graphs. In the mext section, the latter is done for
both interpretations. This is so the resulting implementa-
tions can be compared as well.

IV. Cost Comparison
A. Intreduction. The purpose of this section is to compare
the cost of the Generalized Cube network to that of the
ADM petwork. To do this, implementations of each net-
work are examined. Since two basic implementations are
possible for each metwork, to be fair, only implementations
corresponding to the same graph inlerpretation are com-

Herdwere Realizalions. There are two basic ways (o
:mn multistage networks. They can be circuit
or packet switehed. In circuit switching, s com-

plete path is established from input to output and must be

held for the duration of the communication. Circuit
switching is often used when processors are connected to
the network inputs and memories are connected to the
outputs. Designs for circuit switched interchange boxes
have been discussed in [0, 22, 38]. In packet switching,
messages are decomposed into packets which each make
their way from stage to stage until the output is reached.
This method is often used in configurations that connect
processing element (processor/immemory pair) j to input j
and output j of a unidirectional network. Packet switched
iwtwmk s}h’ilchin‘ element designs have been discussed in
11, 22, 41).

In the remainder of this paper, implementations will
be discussed primarily in terms of packet switching.
Circuit switched versions can be obtained by replacing any
queues shown with busses. Other than this, remaining
differcnces are in the control logic, however the logic is
shown only at the block diagram level. Only key elements
of the implementations to be discussed are included since
many variations of the basic designs are powsible. For
more detail see |11, 22, 41].

C. CGencralized Cube. Fig. 7 shows two designs for a Gen-
eralized Cube switching element. Fig. 7a results when
switches are equated with nodes in the graph (this
cotresponds to Figs. 48 and 3). One of the two mnputs is
stlected depending on the requests (if any) received by the
(left half of the) control logic, which handles any needed
arbitration. A single output link is shown, but it is to be

|
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W o o
i\- MUX -a-,'-—
¢ T ! I
: v
T | ¥
|
_1
‘ | =T CONTROI
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> e of —— —
]
(
|
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QU J MUXE o
Baad | ’ N
| ) 1
I. .'
. | . v
}r QUEUE ’ MUX T
ety e
CONTRO, == =< cONTROL
- . - , o o= N 1
SIGNALS _ CONTROA | e SIGNALS
o=, b an w

(b)

Figure 7: Implementation of Generalized Cube switches.
{s) mode = switch interpretation. (b) are = switch
interpretation.




contain hardware to the right of the dashed line in Fig. 7a.
Switches that implement column 0 nodes only contain
hardware to the left of the dashed line. A detailed design
of this type is discussed in [20].

If ares in the graph are equated with switches, then
four ares form a 2x2 croasbar of interchange box (see Figs.
4b, 4c, and 1). An implementation for this is shown in Fig.
7b. Here two input queues are required. As long a8 &
given queue is not full, incoming packets for that queue
will be accepted. Logic is required to handshake with
other interchange boxes, msintsin two queues, and inter-
pret the routing tags at the head of each queue. This logic
only interprets the tags in order to request the desired set-
tings for the multiplexers. Logic associated with the mul-
tiplexers performs any necessary arbitration. It also
makes spptofriate requests of other interchange boxes
once the multiplexers are set. Different protocols and
design variations for this type of switching element are dis-
cussed in [23]. The performance of networks implemented
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' QUELE . MU
a Figure 8: Four switches from Fig. 78 combined to form one —— A | °
o switch (within dashed lines) equivalent to that in Fig. 7b. ¢ T
. § ‘ v
. v QOVECE L, { nq 'T
- connected to two other switches as shown in Fig. 8. A bit L el -
. in the routing tag is examined by the control logic which —|—r
t»ll:en determ'n;u 11.: \(nhi('-lh b’:l:u:‘ ht)requesll lgo‘: access
should be made. The (right half of the) control logic main- : o - .
tains the queue, interprets the routing tsg, generates ':.:\1:’.':' R CONTROL. s Pritine
access requests, and receives grants for access requests. .- ——
Switches that implement nodes in column 3 of Fig. 3 only ;nr ”h

INTRANTAGE  CONTROL SIGNALS
(b)

Figure 9: Implementation of augmented data manipulator
switches. (a) node = switch interpretation. (b} sre =
switch interpretation. :

from equating the nodes of Fig. 5 with switches. In this
design, the multiplexer selects from amoag three input
links and the output link is connected to three other
switches. The control signals shown on the output side ia
Fig. 9a are used o determine which of the switches is to
read the data from the output link. A broadeast is per-
formed by sclecting more than one switch. The basic rout-
ing tag scheme for the ADM network [24] ires the
routing lat logic to examine two bits, 30 it is sli “le

an that required in the Generalised Cube. As

with these interchange boxes has been studied in [11, 21]. complex ¢

The equivalence of two networks implemented with with the Generalized Cube, the switches implementing
the two kinds of switching nodes is illustrated in Fig. 8. nodes in columns 0 and 3 of Fig. § only ire the logic to
Four of the switching elements shown in FT 75 are con- the Jeft and right, respectively, of the dashed line in Fig,
nected as prescribed by the graph in Fnﬁ. 3. It can be seen fa.
that the hardware within the dashed lines is identical to I ares are equated with switches, sa tation

that shown for the interchange box in Fig. 7b. The
handshaking lines (directed dashed lines) shown connect-
ing control units are equivalent to internal connections
between the tag interpretation and queue control logic snd
the arbitration and output request logic in the control unit
of Fig. 7b. It is thus spparent that the same totai amount

similar to the interchange box is obtained as in Fig.
@b. tere, however, the outputs from the queves must be
connected o multiplexers in two other switching elements
{ax shown in Fig. 8) via intre-slape busses. Similarly, the
two multiplexers shown here must coanections
from the queues of two other switching elements. Two

of hardware is requi either implementation, but that conmil signals must also sccompany each of the intre-
the two in s lead to different petwork stage bumses.

building w«mu the components. E. " Comparison. An approximste cost comparison
D. Augmented Deta Men: or. Two im) tations between the Generalized Cube sad the ADM aetwork caa
for the ADM network are in Fig. 9. Fig. 0aresults  be made bv compsring theit respective switehing eloments.
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Since the choice is arbitrary, Figs. 7a and 9a will be com-
pared. Both require a single queue. If the cost of the
and its associated contml(lzfie dominates the cost of
miuhiu element, thea the ADM switch will cost oaly
ightly more thaa a Generalized Cube switch. On the
ot iud. for & eircuit switched implementation, the
multiplexer and control logic in an ADM switching ele-
ment will cost about 50% more than that required in &
Genealiud Cube lwitchhing element. hat wh | .
e rectin changes sumewhat when implement-
iog theum our designs in VLSl is considered.
Input/Output (1/O) requirements sod logic/pin ratio
become importaat coamsiderations. For constructing s
Generalized Cube network, the interchange box in Fig. 7b
is a better choice than the switch in Fig. 7a. The inter-
change box (Fig. 7b) bas approximately 33% more pins
but approx immlh 100% more logic than the switch (Fig.
7a). For the ADM network, the logic/pin ratio is nearly
the same for both of the designs in Fig. 9. The design in
Fig- 9b has approximately twice as man{ pins and twice as
much logic as that shown in Fig. 9a. The extrs links that
ive the ADM network its superior capabilities over the
eneralized Cube require a larger numﬁer of pins on the
VLS! chips being considered.

The design of Fig. 7b and that of 9a have spproxi-
malely the same number of pins. If this number of pins
due (o the dats path width) is near technological limits
and thus the design of Fig. 0b will not fit one chip), then
the Generalized Cube interchange box is superior due to
the logic/pin ratio. Assuming the cost of two chips with
the same number of pins is about the same, an ADM net-
work would be more than twice as expensive as a General
ized Cube nctwork of the same size (when realized with
these two respective chips). The lugic/pin ratio of the
ADM chip (Fig. 98) can be improved considerably by
it ‘plementing extra capabilitics the ADM network is
Lo #. to support {23, 24]. These capabilities include
dynamic rerouting of blocked messages and stage look-

ead with rerouting for blockage prediction. None of the
additional features requires any extra pins. The additional
capabilities are ible because of the extra paths
between input and output aad thus are nol available for
the Generalized Cube network.

As advances in packaging technology continue, the
cost difference between the Generalized Cube and the
ADM will narrow comsiderably until the ADM is more
cost-effective. To see this, examine Fig. 6. The larger the
number of switching elements {of the type in Fig. 9b), in
the same stage, that can be placed on a single chip, the
more intra-stage busses can be internalized. “his reduces
the 1/0 overhead of the extra links. If a whole stage can
be placed on one chip, then the ADM network requires the
same number of chips and connections between chips as
the Generalized Cube network. The assumption here is
that the chip circuit density is not sufficient to support &
crombar byt it will accommodate more logic than one
stage of 3 Generalized Cube requires. The ADM network’s
structure thus fills a gap between the cube type networks
and crossbars. Until very large portions of ap interconnec-
tion network can be placed on a single chip, it is clesr that
the ADM network will be more expensive to implement
than the Generslized Cube, though the difference will con-
tinue to decline. Thus, it is important to determine the
networks’ cost-effectiveness. It has already been pointed
out that the ADM's elnbilitiu are 8 superset of the Gen-
eralized Cube's. Another factor that is becoming more
impurtaat as the construction of enormous systenss is con-
sidered, will be discussed in the next section: robustness or
inherent fault tolerance.
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V. Robustness: A Comparison Of Degradation
Under Component Failure .

In this section, the robustness of each network is
measured by removing a :infle component (Jink or switch)
and counting the number of input and output ports that
are affected. An input port is considered affected il it
cannot send a message to all output ports. An output port
is considered affected if there £ at least one input port
from which it cannot receive messages. Since the number
of ports affected varies with the location of the removed
link, averages are computed.

The average number of affected is calculated for
both implementations of each setwork. These calculations
are performed using two different rules for counting
affected ports. The first rule requires all 1/0 ports to be
considered. Under this rule, it has beea shown that some
petmutsation connections can be routed around a faulty
link in the ADM network, but this is aot true in general
[33]. The second rule allows “‘severely”™ affected ports to be
disabled and thus not included in the count. This rule
takes into account s practical system response to & net-
work fault: the disabling of some compoments so that
operation can continue, but in & degraded mode. This is
feasible if the network is used for uK‘nehm-om communi-
cation by cooperating processors (MIMD mode). If the
network is used in a sglnehmom mode to perform permu-
tation connections (SIMD mode) disabliag some com-
ponents is not feasible. Thus the following analysis applies
only to use in MIMD environments. The second rure is
implemented as follows. Referring to the graphs ia Figs. 3
and 5, if a straight (or horizontal) arc at level j is removed,
then input port j and output port i are dissbled. If links
are equated with ares, one pair of 1/O ports is disabled. If
switches are equated with arcs, since two straight arcs are
included in each switehin%element (Figs. 7b and 0b), two
rtirs of 1/O ports are disabled. Thus, in Figs. 1 and 8, the
/O ports whose addresses conupomi to the output labels
on a given switching element are disabled if that switching
element fails.

The results using the first rule are shown in Table I
and using the second rule are in Table [l. The derivations

Table I: Average number of affected 1/0 ports in the Gen-
cralized Cube and ADM networks whea links and switches
are removed. All ports arc considered. Node=switch
implementation corresponds to Figs. 3 aad 2. Arc=switch
implementation corresponds to Figs. 1 and 6.

Node = Switch Are = Switch
Failure Link Switeh Link {at. Box
Generalized Cube N3 N3 ﬁ-i" N4
. st atl a
ADM Neal [ 3Nta [ 3Nta [Nt aa~d
n atl atl [
Cube/ADM EY o2 o o

Table 1I: Average number of affected 1/O ports in the Gen-
eralized Cube and ADM networks when links and switches
are reensoved. Severely affected ports are disabled and not
counted.

Node = Switch Are = Switch
Failuee Link Switch Link Iat. Hox
Genoralized Cube 150 ] 1—&'“‘ m AN-ta-4

[ at | at ! [
ADM (] [} [ [}
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of all the results tabulated here are too lengthy to include, from cach class: the Generalized Cube and the Augmented

- but csn be found in [20]. As an example of how the values Data  Manipulator (ADM). From a straightforward
RS . are caleulated, consider the case of 3 link failure in the comparison, it appears that the ADM network is more
“ /([)M network, implemented by equating nodes with costly, but more powerful. This paper has attempted to
) switches. Assume the link is in stage i (see Fig. 2). If the quantify the differences in implementation costs by consid-

link is non-straight, none of the /O ports are affected ering comparable implementation models for both net.
b since the routing tag scheme in [24] can dynamically works. Furthermore, using 8 graph model as g basis, a
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reroute to apother path that does not use that link. For
example, a path from input 1 to output 7 is"+ 2%, + 2,
straight, which uses the +2' link in stage 1, between
switches 5 and 7. If that link is bad, the message can route References

straight, -2, straight and avoid it. If the bad link is a 1) G. B. Adams HI and H. J. Siegel, “On the number of
straight link at level j, then there are 2" ! input ports m |wrmu::lﬁons performable by the sugmented data

s o e o s Frivabiammels those  anipulator network,” EEE Trens, Comp. Val. C-
31, pp. 270-277, Apr. 1982.

J's). In this case, output port j is the only output port that

uantitative measure of comparative robustness was
erived.
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by cannot receive messages from all input ports. This fact is 12} G. B. Adams Hl and H. J. Siegel, “The extra stage
:‘;:. a result of the properties derived in [24]. For example, cube: a fauit-tolerant interconnection network for
L suppose the straight link in stage 1, level 4 (in Fig. 2) is supersystems,” IKEE Trans. Comp., Vol. C-31, pp.
S bad. Output 4 will be unable to receive messages from 413-151, May 1982,

inputs 0 and 4. On the other hand, all the other output 3
ports are unaflected. Even though the + 22, straight, + 2! B ) \ .
path from input 0 to output 5 includes the bad straight tage interconnection networks,” Computer, Vol. 15,
link, a message can simply take the straight, ~2}, =2 path. pp. 41-53, Apr. 1082,
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Since the failure of 3 + 2' or a —2 link does not affect any
1/0 ports, if link failures are equally likely, then the aver-
age over all links is one third of the above value.

In Table I, the ratio of the average number of affected
1/0 ports in the Generalized Cube to those in the ADM is
computed. Regardless of network size, in the implementa-
tion in which switches are equated with nodes, a link
(ailure in the Generalized Cube network affects six times
as many ports, on the average, as a link failure in the
ADM. For 3ll the remsining types of failures and imple-
mentations, the ratio is two.

The measurement using the first rule is s very conser-
vative indication of the robustness of the ADM network.
Table Il shows that under the second rule, the ADM net-
work is very robust. When one or two pairs of 1/O ports
are disabled after the failure of a link or a switching ele-
ment, respectively, all remaining [/O ports are unaffected.
A fsilure cap eliminate one path between given unaflected
input snd output ports, but routing tag methods cxist for
avoiding such faults by using an alternate path (ss in the
example of routing from input 0 to output 5 sbove) (24].
{A method for improving the robustness of the Generalized
Cube network adding ome extra stage has been
explored in {2}.)

This analysis assumes that the failure of ope com-
ponent is independent of the failure of any other com-
ponent. [ all or & large part of one stage is implemented
on s single chiK. this assumption may or may not be valid.
If it is not, then the networks should be reanalyzed to
account for the new failure pattern exhibited.

To exploit the robustness of any network, it is impli-
cit that faults can be detected snd diagnosed. Such caps-
bilities have been investigated in (3, 14, 30, 34]. Dyaamic
fault avoidance has beea discussed in |23, 24].

V1. Conclusions
This paper has examined two clames of multistage
interconnection network for use in parallel/distributed
systems; the cube type snd the data manipulator type.
is was dome by comparing 8 represeatative setwork
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